Drosophila Wingless (Wg) acts as a morphogen during development. Wg secretion is controlled by a sevenpass transmembrane cargo Wntless (Wls). We have recently identified retromer as a key regulator involved in Wls trafficking. As sorting nexin (SNX) molecules are essential components of the retromer complex, we hypothesized that specific SNX(s) is required for retromer-mediated Wnt secretion. Here, we generated Drosophila mutants for all of the eight snx members, and identified Drosophila SNX3 (DSNX3) as an essential molecule required for Wg secretion. We show that Wg secretion and its signaling activity are defective in Dsnx3 mutant clones in wing discs. Wg levels in the culture medium of Dsnx3-depleted S2 cells are also markedly reduced. Importantly, Wls levels are strikingly reduced in Dsnx3 mutant cells, and overexpression of Wls can rescue the Wg secretion defect observed in Dsnx3 mutant cells. Moreover, DSNX3 can interact with the retromer component Vps35, and co-localize with Vps35 in early endosomes. These data indicate that DSNX3 regulates Wg secretion via retromer-dependent Wls recycling. In contrast, we found that Wg secretion is not defective in cells mutant for Drosophila snx1 and snx6, two components of the classical retromer complex. Ectopic expression of DSNX1 or DSNX6 fails to rescue the Wg secretion defect in Dsnx3 mutant wing discs and in Dsnx3 dsRNA-treated S2 cells. These data demonstrate the specificity of the DSNX3retromer complex in Wls recycling. Together, our findings suggest that DSNX3 acts as a cargo-specific component of retromer, which is required for endocytic recycling of Wls and Wg/Wnt secretion.
Introduction
Wnt proteins are evolutionarily conserved glycoproteins that play profound roles in a variety of developmental processes as well as in adult homeostasis [1] . Abnormal Wnt signaling is associated with many human diseases, ranging from cancers to degenerative diseases [2, 3] . Drosophila Wingless (wg) encodes the homolog of vertebrate Wnt-1 [4, 5] . Wg acts as a short-range organizer and a long-range morphogen in a variety of developmental contexts [6, 7] . How Wnt processing and secretion are regulated is an essential issue in the Wnt field, yet the underlying mechanisms are not fully understood [8] .
Genetic screens in Drosophila identified Wntless (Wls, also known as Evenness Interrupted (Evi) or Sprinter (Srt)) as an essential regulator for Wg/Wnt secretion [9] [10] [11] . Wls is a seven-pass transmembrane protein that is localized in the Golgi apparatus, at the cell surface and in early endosomes [9, [12] [13] [14] . The function of Wls in Wg/ Wnt secretion is conserved from Drosophila, C. elegans to vertebrates. In Drosophila wls mutants, Wg is not secreted and is accumulated inside Wg-producing cells [9] [10] [11] . Recent studies have also shown that Gpr177, the mouse homolog of Drosophila wls, is essential for Wnt secretion during embryonic development [15, 16] .
We and others have recently identified retromer as an essential regulator for Wg/Wnt secretion in Wg/Wntproducing cells [12] [13] [14] [17] [18] [19] [20] . Our studies as well as others demonstrate that Wls endocytosis is a clathrinmediated process in which retromer plays an essential role in Wls retrograde recycling from early endosomes to the trans-Golgi network (TGN) [12-14, 17, 18] . Retromer is an evolutionarily conserved multi-protein complex whose function is to sort cargo from early endosomes back to TGN [21] [22] [23] . In yeast, the retromer complex consists of two independently assembled subcomplexes: the cargo selective VPS subcomplex, consisting of Vps35p, Vps26p, and Vps29p and the membrane-binding dimer formed by Vps5p and Vps17p. Vps5p and Vps17p are sorting nexins (SNXs), a protein family containing a phosphoinositide-binding PX (phox homology) domain that binds phosphatidylinositol 3-phosphate (PI3P) and other phosphoinositides [24] [25] [26] . Some of the SNXs also have a BAR (Bin/amphiphysin/Rvs) domain, which is a dimerization and membrane-binding module capable of sensing membrane curvatures [24] . In mammals, SNX1 and SNX2 are the orthologs of yeast Vps5p [27, 28] , while SNX5 and SNX6 appear to be the functional orthologs of yeast Vps17p [29] . SNX1/SNX2 (SNX1/2) and SNX5/SNX6 (SNX5/6) all contain BAR domains [24] . The current model for the classic retromer complex is that one chain of SNX1 or SNX2 and one chain of SNX5 or SNX6 interact with the VPS subcomplex to form the functional retromer complex required for retrograde transport of cargo proteins such as the phagocytic receptor CED-1 in C. elegans [30] , and the cation-independent mannose 6-phosphate receptor (CI-MPR) in mammals [23, [31] [32] [33] [34] [35] . Recent studies further demonstrated that SNX5/6 can interact with the p150 Glued subunit of the dynein/dynactin motor complex and that such interaction is important to drive the formation and movement of tubular retrograde intermediates [34, 35] . In addition to the SNX-BAR proteins, previous studies have shown that yeast Grd19p, a SNX3 homolog lacking the BAR domain, can also function in retromer-dependent endosome-to-Golgi retrieval of the iron transporter Fet3p-Ftr1p, a cargo protein [36] [37] [38] . Very recently, SNX27, another non-BAR SNX molecule, was shown to act as a retromer component for recycling the β2 adrenergic receptor to the plasma membrane [39] . Currently, it is unknown whether different SNX molecules can interact with the VPS subcomplex to form a specific retromer subcomplex required for cargo selection and retrograde transport.
To identify specific SNX molecules involved in retromer-mediated Wg secretion, we generated mutants of individual Drosophila snx genes and analyzed their roles in Wg secretion and signaling. To our surprise, we found that Drosophila SNX3 (DSNX3), but not the SNX-BAR proteins SNX1/2 and SNX5/6, is required for Wg secretion. We show that Wg secretion is defective in the absence of DSNX3 activity. Moreover, DSNX3 interacts with Vps35 and Wls, and regulates Wls stability. Our data argue that DSNX3 interacts with the VPS subcomplex to form a retromer subcomplex required for endocytic recycling of Wls.
Results

Identification of Dsnx3 as an essential candidate gene involved in Wg secretion
Searches of Drosophila genome databases identified eight snx genes, including CG2774, Dsnx6/CG8282, CG6359, SH3PX1/CG6757, CG5734, CG3077, Snz/ CG1514 and CG32758. To examine the roles of these snx genes in development, we generated null alleles of seven Drosophila snx genes by P element-mediated imprecise excision. Null mutant for Dsnx6 was obtained by the "Ends-out" gene targeting technique [40] , as there was no available P element inserted near the Dsnx6 gene. DSNX6 is the homolog of mammalian SNX5/6. The protein product of CG2774 is highly homologous to both yeast Vps5p and mammalian SNX1/2, and therefore we referred to CG2774 as Drosophila snx1 (Dsnx1). The protein product of CG6359 is highly homologous to mammalian SNX3 or SNX12, therefore is referred to as DSNX3. Previous studies in mammalian systems have shown that SNX1/2 and SNX5/6 are the components of the classic retromer complex [27, 29, 34, 35] . Therefore, we speculated that DSNX1 and DSNX6 may be the critical SNX molecules required for retromer-mediated Wg secretion. To our surprise, Dsnx1 null mutants were completely viable and fertile, and exhibited no detectable defects in Wg signaling determined by genetic mosaic analysis in wing discs (see data later). Similarly, the Dsnx6 null mutants were also completely viable and fertile, and exhibited no obvious defects (data not shown). In contrast, Dsnx3 null mutants were semilethal, and the fly wings of homozygous Dsnx3 mutants extended from the body axis. Using the "direct mosaic system" [41] , we generated Dsnx3 mutant mosaic clones in developing wings by vg Q1206-Gal4 UAS-Flp, and found obvious notching at the margin region of the wing (Supplementary information, Figure S1B and S1B'), indicating that DSNX3 is involved in Wg signaling.
In the wing disc, the Wg protein is produced at the dorso/ventral (D/V) boundary and forms a gradient along the D/V axis [42] ( Figure 1A ). Wg induces senseless (sens) expression at a short range, whereas it activates distalless (dll) at a long range [43] [44] [45] . We examined the requirement of DSNX3 for Wg secretion and signaling by genetic mosaic analysis in wing discs using the FLP-FRT method [46] or by RNA interference (RNAi) to deplete Dsnx3. Wg-producing cells mutant for Dsnx3 had higher levels of Wg compared with surrounding wild-type cells ( Figure 1B ). However, Wg levels were not altered in a mutant clone residing outside of the Wgproducing cells (marked by yellow dotted lines and an arrow in Figure 1B) . Similarly, when UAS-Dsnx3 RNAi was expressed in the entire posterior (P) compartment using en Gal4 , Wg protein accumulated in Wg-producing cells and was significantly reduced in Wg-receiving cells in the P compartment ( Figure 1E ). Furthermore, in a Dsnx3 homozygous mutant background, ectopic expression of DSNX3 using en Gal4 can rescue the Wg secretion defect in the P compartment ( Figure 1F ). Wg accumulation in the mutant cells was not due to increased wg transcription, as no difference was observed in the activity of a Wg LacZ reporter between mutant and wild-type cells ( Figure 1G and 1G'). Furthermore, using an extracellular staining technique [47] , we observed reduced levels of extracellular Wg in Dsnx3 mutant clones ( Figure 1C and 1C'). Similarly, extracellular Wg levels were reduced in the P compartment of Wg-producing cells and Wgreceiving cells when Dsnx3 activity was eliminated by UAS-Dsnx3 RNAi using en Gal4 ( Figure 1D ). These data argue that Wg protein accumulated inside Wg-producing cells in the absence of DSNX3.
We further examined the requirement of DSNX3 function for sens expression in the wing disc. Sens was reduced in Dsnx3 mutant clones straddling the wg expression domain ( Figure 1B' ). However, Sens expression was still present in some Dsnx3 mutant cells when they neighbored wild-type Wg-producing cells (Supplementary information, Figure S2A and S2A'), arguing that DSNX3 is not essential for Wg signaling per se. This result also suggests that accumulated Wg protein inside Dsnx3 mutant cells failed to activate Wg signaling. Taken together, these data suggest that loss of DSNX3 activity causes a defect in Wg secretion, subsequently leading to defects in Wg target gene expression.
To further confirm the requirement of DSNX3 for Wg secretion, we examined the effect of DSNX3 on Wg secretion in S2R+ cells expressing Wg. As shown in Figure  1H , Wg was reduced in the supernatants of cells treated with Dsnx3 dsRNAs against two different regions of the Dsnx3 gene, whereas control cells treated with GFP dsRNA secreted Wg normally. Taken together, the above results strongly argue that DSNX3 activity is required for Wg secretion.
DSNX3 is required for Wg secretion in other tissues, but not essential for other signaling pathways
As Wg is required for the development of other larval imaginal discs, we examined the role of DSNX3 in Wg secretion in other tissues. As shown in Figure 2 , Wg was accumulated in both leg and haltere discs in the absence of DSNX3 activity ( Figure 2D -2F'). Similarly, Wg was also accumulated in the Dsnx3 mutant Wg-producing cells of the wing hinge region (arrowhead in Figure  2D ). These data suggest that DSNX3 is critical for Wg secretion in other tissues.
To determine the specificity of DSNX3, we examined whether DSNX3 is required for the activity of two other morphogens, Hedgehog (Hh) and Decapentaplegic (Dpp). In contrast to Wg secretion, we found that Hh secretion was normal ( Figure 2A and 2A'), and that Hh-induced Patched (Ptc) expression was not altered ( Figure 2B and 2B'). Similarly, Dpp signaling as determined by Sal expression was not altered ( Figure 2C and 2C'). As wg transcription in wing discs is controlled by Notch signaling [48] and was not affected in Dsnx3 mutant cells ( Figure 1G and 1G'), we suggest that DSNX3 activity is also not required for Notch signaling. Taken together, our data suggest that DSNX3 is specifically required for Wg secretion.
Wls stability is regulated by DSNX3
As Wls is required for Wg secretion [9] [10] [11] , one possibility is that DSNX3 may control Wg secretion by regulating Wls activity. We first examined whether DSNX3 interacts with Wls in vivo. When Dsnx3-GFP and wls-V5 were expressed in wing discs, Wls was present in vesicle-like punctate structures, and the majority of Wls co-localized with DSNX3 ( Figure 3A -3A''). The majority of DSNX3 also co-localized with the early endosome marker GFP-2×FYVE [49] ( Figure 3B -3B''). Previous studies have shown that Wls is located in early endosomes [12, 14] . The above data suggest that DSNX3 may interact with Wls in early endosomes. Consistent with this view, DSNX3 co-localized with human Wls (hWls) and the early endosome marker early endosomal antigen 1 (EEA1) [50] when DSNX3 and hWls were coexpressed in HeLa cells ( Figure 3C -3C''').
Next, we intended to determine whether Wls trafficking was regulated by DSNX3. In the wing disc, Wls is ubiquitously expressed; however, increased Wls staining is observed in a stripe at the D/V boundary ( Figure 3D ), a region known to secrete and receive high levels of Wg [14] . Endogenous Wls levels were strikingly reduced in Dsnx3 mutant clones ( Figure 3E and 3E'). Similarly, we expressed UAS-Dsnx3 RNAi in the posterior (P) compartment using en Gal4 or hh Gal4 , and found that Wls staining was lost in the Wg-secreting cells (arrowhead in Figure  3F Wg protein was accumulated in its producing cells mutant for Dsnx3 but its level was not altered in a mutant clone residing outside of the Wg-producing cells marked by yellow dotted lines. Also note that Wg was accumulated in Dsnx3 1 mutant Wg-producing cells in the hinge region (arrowheads in D). (E-E') Dsnx3 1 clone in leg disc (E', marked by GFP absence). As in the wing disc, Wg was accumulated in Dsnx3 mutant Wgproducing cells. (F-F') Dsnx3 1 clone in haltere disc (F', marked by GFP absence). As in the wing and leg discs, Wg was also accumulated in Dsnx3 mutant Wg-producing cells.
5 h after induction, while significant levels of Wls protein were still maintained at this point in the wild-type cells (Supplementary information, Figure S3B -S3B''). Taken together, these data strongly argue that Wls stability is controlled by DSNX3.
We further asked whether overexpression of Wls could rescue the Wg secretion defect observed in Dsnx3 mutant cells. As shown previously [12] , Wg protein levels could be enhanced in the P compartment expressing UAS-wls-HA ( Figure 3G ). In wing discs of Dsnx3 homozygous mutant, ectopic expression of Wls using en Gal4 could produce more Wg particles in the P compartment (arrowheads in Figure 3H ), suggesting that overexpression of Wls can restore the Wg secretion defect in Dsnx3 mutant cells.
Finally, we examined whether DSNX3 and Wls formed a complex in S2 cells. V5-tagged Wls and GFPtagged DSNX3 expression vectors were transfected individually or together into S2 cells. Upon immunoprecipitation of the DSNX3-GFP protein from transfected cells, Wls-V5 was detected by western blotting in the immunoprecipitates ( Figure 3I ). Collectively, these data argue that DSNX3 interacts with Wls and that Wls stability is regulated by DSNX3.
DSNX3 forms a complex with retromer
Our results so far provided compelling evidence for the role of DSNX3 in regulating the stability of Wls. Previous studies have demonstrated the importance of retromer function for Wls stability [12] [13] [14] . As SNX molecule(s) is an important component of the retromer complex, we speculated that DSNX3 either directly or indirectly controls retromer-mediated recycling of Wls. We performed co-localization experiments using HeLa cells. A GFP-tagged DSNX3 expression vector was transfected into HeLa cells, and the subcellular localization of the DSNX3-GFP protein was detected by immunostaining. As shown in Figure 4A -4A''', many of the DSNX3-GFP molecules co-localized with endogenous hVps35 in early endosomes marked by EEA1.
We further examined whether DSNX3 formed a complex with retromer by co-immunoprecipitation assay in S2 cells. Myc-tagged DVps35 and GFP-tagged DSNX3 expression vectors were transfected individually or together into S2 cells. Upon immunoprecipitation of the DSNX3-GFP protein from transfected cells, Myc-DVps35 was detected by western blotting in the immunoprecipitates ( Figure 4E ). This data suggest that DSNX3 can interact with DVps35.
Finally, we further performed an epistatic analysis between DSNX3 and retromer. Enhanced levels of Wg were observed in the P or the anterior (A) compartment when DSNX3 was ectopically expressed by en Gal4 or ci Gal4 , respectively ( Figure 4B -4B''', 4C and 4C'). However, when Dsnx3 was co-expressed with Dvps35 RNAi (Figure 4D and 4D') in the P compartment by en Gal4 , Wg levels were increased in the producing cells, but reduced outside of the Wg-producing cells. This data suggest that the loss of retromer activity can block the gain of function activity of DSNX3, arguing that DSNX3 acts upstream of, or in parallel with, retromer in regulating Wg secretion.
Taken together, our results demonstrate that DSNX3 interacts with DVps35 in early endosomes, supporting the view that DSNX3 is involved in retromer-mediated recycling of Wls.
The PI3P-binding motif of DSNX3 in the PX domain is essential for its function
The PX domains of the SNX3 molecules are highly conserved among SNX3 molecules from yeast to mammals (Supplementary information, Figure S4 ). Previous studies identified the most conserved motif in the PX domain, RR(F/Y)S(D/E)F (single letter aminoacid abbreviations are used here and hereafter), to be very sensitive to mutations [51, 52] . Point mutations within this region of SNX3 abolished both the interaction with PI3P and membrane targeting [51, 52] . We therefore opted to determine whether membrane targeting of DSNX3 is essential for its activity in Wg secretion. We generated DSNX3(-RRY) in which all three potential PI3P attachment sites of DSNX3, R74, R75 and Y76, were converted to A74, A75 and A76, respectively. As shown earlier, overexpression of DSNX3 can promote Wg secretion ( Figure 4B -B''', 4C and 4C'). Moreover, DSNX3-GFP was detected in vesicle-like punctate structures in the apical section of the P compartment (arrowheads in Figure 4B''') . When UAS-Dsnx3(-RRY)-GFP was expressed in wing discs using en Gal4 in the P compartment, we observed no obvious difference in Wg levels between the P and A compartments (arrowheads in Figure 5A ). The DSNX3(-RRY) was not detected in vesicle-like punctate structures, but rather accumulated throughout the cytoplasm (Figure 5A'' ). Furthermore, we expressed UAS-Dsnx3(-RRY)-GFP in a Dsnx3 homozygous mutant using en Gal4 in the P compartment. The Wg secretion defect cannot be rescued by the expression of Dsnx3(-RRY)-GFP ( Figure 5B ). Collectively, these data strongly suggest that the PI3Pbinding motif of DSNX3 is essential for the activity of DSNX3 in Wg secretion.
We further asked whether DSNX3(-RRY) lost its interaction with both Wls and Vps35. To examine this, we first performed co-localization experiments in HeLa cells. V5-tagged hWls and GFP-tagged DSNX3(-RRY) expression vectors were co-transfected into HeLa cells and subcellular localizations were determined by immunostaining. DSNX3(-RRY)-GFP accumulated in the cytoplasm (Figure 5C, green) , and did not colocalize with either hWls (Figure 5C ', red) or the early endosome marker EEA1 ( Figure 5C '', blue). DSNX3(-RRY)-GFP ( Figure 5D , green) also did not co-localize with endogenous hVps35 ( Figure 5D '', blue) in early endosomes marked by EEA1( Figure 5D ', red). However, when we performed co-immunoprecipitation experiments between DSNX3(-RRY) and Wls or DVps35 (Supplementary information, Figure S5 ), we observed the interaction between Wls and DSNX3(-RRY) (Supplementary information, Figure S5A ). Similarly, DVps35 could also form a complex with DSNX3(-RRY) (Supplementary information, Figure S5B ). These data indicate that the PI3P-binding site in DSNX3 is not required for the interaction of DSNX3 with either Wls or DVps35. On the basis of the above data, we suggest that the membrane targeting of DSNX3 via the PI3P binding is essential for the activity of DSNX3.
DSNX1 and DSNX6 are not essential for retromermediated Wg secretion
Various studies have demonstrated essential roles of SNX1/SNX2 and SNX5/SNX6 for retromer activities in a variety of cellular functions, including the recycling of cargo proteins Vps10p in yeast, the phagocytic receptor CED-1 in C. elegans and mammalian CI-MPR [30] [31] [32] [33] 53] . As both Dsnx1 and Dsnx6 mutants are viable, they may not be essential for Wg secretion. In support of this view, Wg and Sens levels were not altered in Dsnx1 mutant clones ( Figure 6A-6A'') . Similarly, Wg and Sens levels were also not altered when Dsnx6 is depleted by Dsnx6 RNAi (Figure 6B-6B'') . Moreover, ectopic expression of DSNX1 failed to rescue Wg secretion defects in Dsnx3-depleted cells ( Figure 6C-6C'') . Similarly, ectopic expression of DSNX6 also failed to rescue Wg secretion defects in Dsnx3-depleted wing disc cells ( Figure 6D data argue that the activity of DSNX3 in retromermediated Wg secretion cannot be replaced by DSNX1 and/or DSNX6, further suggesting the specificity of DSNX3 in Wg secretion.
Discussion
Roles of DSNX3 in Wg secretion
A main finding in this work is the demonstration that DSNX3 controls Wg secretion by regulating retromermediated Wls recycling. First, we showed that the loss of DSNX3 activity in the wing disc caused increased levels of Wg inside the producing cells, but reduced levels in the receiving cells. Cell culture experiments further demonstrated that secreted Wg in the conditioned medium was reduced when Wg-producing S2 cells were treated with Dsnx3 dsRNA. These data provide compelling evidence for a critical role of DSNX3 in Wg secretion. Second, we showed that the Wls level was strikingly reduced in the wing disc in the absence of DSNX3 activity. We further showed that DSNX3 colocalized with Wls and can be co-immunoprecipitated with Wls. Similarly, DSNX3 also co-localized with Vps35 and can be co-immunoprecipitated with Vps35. Thus, this work extends further our previous findings of a critical role for retromer in Wg/Wnt secretion by linking SNX3 into this regulatory pathway.
Interestingly, although DSNX3 is essential for Wg secretion, we observed no obvious defects in Dpp or Hh signaling. Previous data showed that loss of retromer activity did not affect Dpp or Hh signaling. In this regard, DSNX3 recapitulates the defects associated with retromer A-A'' ) Wg and Sens staining in a wing disc bearing Dsnx1 1 clones. Mutant clone is outlined by the dotted lines to mark the absence of GFP (A'', green). Wg levels were not altered in the absence of Dsnx1 (arrowhead in A). A'). (B-B'' ) UAS-Dsnx6 RNAi was expressed in wing discs using hh Gal4 to deplete Dsnx6 activity in the P compartment. A/P boundary is shown by the dotted line. Wg was secreted normally under these conditions (arrowhead in B) , and the expression of Sens was also not reduced (arrowhead in B'). (C-C'') UAS-Dsnx3 RNAi and UAS-V5-Dsnx1 were co-expressed in the P compartment using hh Gal4 . Wg accumulated in the P compartment (arrowhead in C), indicating that the Wg secretion defect caused by DSNX3 depletion cannot be rescued by the overexpression of DSNX1. (D-D'') UAS-Dsnx3 RNAi and UAS-V5-Dsnx6 were co-expressed in the P compartment using hh Gal4 . Wg accumulated in the P compartment (arrowhead in D), indicating that the Wg secretion defect caused by DSNX3 depletion cannot be rescued by the overexpression of DSNX6. (E) The amount of Wg in the supernatant (S) was strongly reduced when S2+pMK-Wg cells were treated with dsRNAs targeted to the coding region of Dsnx3. However, the Wg secretion defect caused by DSNX3 depletion cannot be rescued by the overexpression of DSNX6.
Sens staining was also not altered in the mutant clone (arrowhead in
Peng Zhang et al. 1687 npg activity. On the other hand, the Dvps35 mutant is lethal, but the Dsnx3 mutant is viable. In addition, Dvps35 homozygous mutant larvae exhibited other defects such as melanotic tumor formation [13, 54] . However, homozygous Dsnx3 mutant larvae did not exhibit any detectable melanotic tumors (data not shown). These data suggests that SNX molecule(s) other than DSNX3 are involved in other retromer-mediated activities. On the basis of the above observations, we propose that DSNX3 forms a specific retromer subcomplex that is required for Wls recycling and Wg secretion. While DSNX3 is essential for Wg secretion, one important issue that remains to be resolved is whether DSNX3 is required for all retromer-mediated Wls recycling and Wg secretion. In addition to wing discs, we also observed Wg secretion defects in other tissues, including leg and haltere discs. Similarly, in cultured S2 cells, DSNX3 is critical for Wg secretion, as depletion of Dsnx3 by RNAi in cultured S2 cells also caused a Wg secretion defect. However, both wls and Dvps35 null mutant embryos are lethal, while Dsnx3 null embryos are viable. It is important to mention that Dsnx3 mutant had relatively weaker Wg secretion defects than wls and Dvps35 mutants. We also found that Dsnx3 mutant embryos derived from Dsnx3 homozygous females were normal, arguing that Wg secretion in the Dsnx3 mutant embryos is not defective (data not shown). These data suggest a possibility that mechanisms other than DSNX3-mediated Wls recycling might be involved in retromer-mediated Wg secretion in the embryos, and possibly in other tissues. Further experiments are needed to determine such mechanisms.
Specific role of DSNX3 in the function of the retromer complex in Wg secretion
Another important observation of this work is the specificity of DSNX3 in retromer-mediated Wls recycling. Various studies have demonstrated the importance of SNX1/SNX2 and SNX5/SNX6 in diverse functions of retromer, including retrograde transport of yeast Vps10p, the C. elegans phagocytic receptor CED-1 and the mammalian CI-MPR [30] [31] [32] [33] 53] . Therefore, DSNX3 is an atypical SNX molecule involved in the activity of retromer in Wg secretion. We showed that Wg secretion was normal in the absence of either DSNX1 or DSNX6 activity, arguing that DSNX1 and DSNX6 are not essential for Wg secretion. Importantly, we found that the activity of DSNX3 in Wg secretion cannot be simply replaced by overexpression of DSNX1 or DSNX6, further demonstrating that the specific activity of SNX3, rather than SNX1/SNX6, is involved in retromer-mediated Wg secretion. Among SNX molecules, a unique feature of SNX3 is the lack of a BAR domain, which has been shown to be essential for dimerization and membrane binding. The BAR domain preferentially interacts with membranes of positive curvature, drives membrane deformation and generates membrane tubules [55] . Thus, one possibility is that a specific structural property of DSNX3 allows it to form a subcomplex with retromer that is distinct from other classic SNX-BAR-retromer complexes. Alternatively, as DSNX3 can interact with Wls, the association of DSNX3 with Wls may allow Wls to load onto the SNX3-retromer complex for retrograde transport. In this case, the function of DSNX3 is very similar to that of Grd19p, the yeast SNX3 that interacts with the cargo iron transporter Fet3p-Ftr1p, and regulates retromer-dependent retrieval of Fet3p-Ftr1p [36] [37] [38] . Our results pinpoint that the specificity of retromer function can be attributed to SNX molecules.
During preparation of our manuscript, a paper from Cullen, Basler and Korswagen groups was published, in which they reported the identification of SNX3 as an essential retromer component involved in Wnt secretion [56] . Both their and our independent observations reach the same conclusion that SNX3, rather than SNX1 and SNX6, is required for Wg/Wnt secretion and Wls recycling. In their study, they showed that C. elegans devoid of both SNX1 and SNX6 activities exhibited no defect in Wnt secretion [56] . Consistent with their data, we also observed no Wg secretion defects in Drosophila Dsnx1 mutants and in Dsnx6 RNAi-depleted cells. Importantly, we showed that overexpression of either DSNX1 or DSNX6 failed to rescue Wg secretion defects observed in Dsnx3 mutant cells. These data suggest qualitative differences between SNX3-mediated retromer activity in Wg/Wnt secretion and SNX1/SNX6-mediated retromer activity in other cellular processes. Moreover, we observed specific interactions of DSNX3 with Wls in co-immunoprecipitation experiments, and such interactions are independent of the PI3P-binding motif in the PX domain of DSNX3, while their experiments failed to detect a Wls-SNX3 interaction. Further studies are needed to define detailed mechanisms by which SNX3 regulates Wls recycling in development.
Materials and Methods
Drosophila stocks
The following fly lines were used in this study: the transgenic lines: UAS-wls-HA, UAS-GFP-2×FYVE and hs-wls-V5 were described previously [12] . en Gal4 , hh Gal4 and Wg LacZ were as described in FlyBase. vg Q1206-Gal4 UAS-Flp [41] was used to generate mosaic clones mutant for Dsnx3 1 in developing wings. The following RNAi lines were obtained from the Vienna Drosophila RNAi Center: UAS-Dsnx3 RNAi (104494) and UAS-Dsnx6 RNAi (24276) . The Dsnx1 (CG2774) mutant was generated by imprecise excision of a P element (Bloomington stock number 27118). The mutant has a 1 566-bp deletion starting from 130 bp upstream of the Dsnx1 ATG start codon and ending in the middle of the third exon, and therefore is likely to be a null allele. UAS-Dsnx3-V5, UAS-Dsnx3-GFP, UAS-Dsnx3(-RRY)-GFP, UAS-V5-Dsnx1 and UAS-V5-Dsnx6 transgenic lines were generated in this study.
Generation of the Dsnx3 null allele, Dsnx3 1
The Dsnx3 (CG6359) gene is located on the right arm of the third chromosome. We identified a P element insertion Dsnx3 EY (EY05688) [57] that resides in the first exon of the Dsnx3 gene and is a semi-lethal allele (data not shown). After mobilization of the EY05688 P element, we screened for Dsnx3 deletions and obtained two Dsnx3 1 null alleles, Dsnx3 1 and Dsnx3 2 . Dsnx3 1 had 1 398 bp deletion that included the start codon and all the three exons. Dsnx3 2 deletion was 1 659 bp and was extended even further in 3′UTR of the Dsnx3 gene. Dsnx3 1 was used for all of the experiments in this study.
Generation of mutant clones and ectopic expression experiments
Clones of mutant cells were generated by the FLP-FRT method [46] and induced in first/second-instar larvae by heat shock at 37 °C for 2 h. We list the genotypes and conditions used in our analyses below:
(1) Dsnx3 1 clones marked by absence of GFP: y w hsp70-flp/+ or Y; FRT 82B ubiquitin-GFP/FRT 82B Dsnx3 1 (Figures 1B-1B' '', 1C and 1C', 2A-2F', 3E and 3E'; Supplementary information, Figure S2A and S2A').
y w hsp70-flp/+ or Y; Wg LacZ /+; FRT 82B ubiquitin-GFP/FRT 82B Dsnx3 1 (Figure 1G-1G') .
y w hsp70-flp/+ or Y; hs-wls-V5/+; FRT 82B ubiquitin-GFP/ FRT 82B Dsnx3 1 (Supplementary information, Figure S3B and S3B'').
(2) Wing disc expression of UAS-Dsnx3 RNAi using en Gal4 or hh Gal4 : en Gal4 /UAS-Dsnx3 RNAi (Figures 1D, 1E and 3F) , UAS-Dsnx3 RNAi /+; hh Gal4 (Supplementary information, Figure S3A -S3A''), UAS-Dsnx3 RNAi /+; hh Gal4 /V5-Dsnx1 ( Figure 6C-6C'') , UAS-Dsnx3 RNAi /+; hh Gal4 /V5-Dsnx6 ( Figure 6D -6D'').
(3) Dsnx3 1 rescue experiments: en Gal4 UAS-GFP/UAS-Dsnx3-V5; Dsnx3 1 /Dsnx3 1 (Figure 1F ) en Gal4 /UAS-wls-HA; Dsnx3 1 /Dsnx3 1 (Figure 3H ) en Gal4 /Dsnx3(-RRY)-GFP; Dsnx3 1 /Dsnx3 1 (Figure 5B Figure S1B and S1B'') vg Q1206-Gal4 UAS-Flp/+; FRT 82B /FRT 82B Dsnx3 1 (9) Wing disc expression of UAS-Dsnx6 RNAi using hh Gal4 : hh Gal4 /UAS-Dsnx6 RNAi (Figure 6B-6B'') Antibodies used for immunostaining, immunoprecipitation and western blotting Antibody staining of wing imaginal discs or cells was performed using standard protocols. The following primary antibodies were used: mouse anti-Wg (4D4; DSHB), guinea pig anti-Sens [44] , rabbit anti-Wls (made in our laboratory according to [14] ), rabbit anti-GFP Alexa Fluor 488 (Molecular Probe), mouse anti-lacZ (Abmart), mouse anti-V5 (Invitrogen), rabbit anti-V5 (Sigma), mouse anti-EEA1 (BD Biosciences), goat anti-hVps35 (IMGENEX), rabbit anti-Hh [58] , mouse anti-Ptc (DSHB) and rabbit anti-Sal (made in our laboratory). The primary antibodies were detected by fluorescence-conjugated secondary antibodies from Jackson ImmunoResearch Laboratories, Inc. Confocal fluorescence imaging was performed with a Zeiss LSM 780 laserscanning microscope (Carl Zeiss).
The primary antibodies used for immunoprecipitation and western blot analysis were rabbit anti-V5 (Sigma), guinea pig anti-GFP (made in our laboratory), mouse anti-V5 (Invitrogen), mouse anti-Wg (4D4; DSHB), mouse anti-Myc (Invitrogen) and mouse anti-β-actin (Abmart).
Transgenes and dsRNA generation
To generate V5 or GFP C-terminally tagged DSNX3, the complete Dsnx3 coding sequence fragment was amplified from Dsnx3 cDNA clone RE52028 and inserted into pUAST-V5-6xHis and pUAST-EGFP vectors (established by our laboratory), respectively. Dsnx3(-RRY) was generated using Invitrogen's Genetailor mutagenesis kit. All three potential PI3P-binding sites, R74, R75 and Y76 were converted to A74, A75 and A76, respectively. After that the mutated Dsnx3 fragment was inserted into pUAST-EGFP vector.
The dsRNAs for Drosophila S2 cells were generated from Dsnx3 cDNA using MEGAscript in vitro transcription kit from Ambion according to the protocol as described (http://flyrnai.org/ all_protocols.html).
The RNAi1 dsRNA was generated using the primers: 5′-TAATACGACTCACTATAGGG-ggctgcgaaacgagctggag-3′ 5′-TAATACGACTCACTATAGGG-aatccgggcaagcacacacatt-3′ The RNAi2 dsRNA was generated using the primers: 5′-TAATACGACTCACTATAGGG-tttagaccaatctgcccgtc-3′ 5′-TAATACGACTCACTATAGGG-tttcctcttaaggattgaaacttt-3′ The control (GFP) dsRNA was generated from GFP cDNA using the primers:
5′-TAATACGACTCACTATAGGG G-acgtaaacggccacaagtt-3′ 5′-TAATACGACTCACTATAGGG-tgttctgctggtagtggtcg-3′
Cell culture, transfection, co-immunoprecipitation and western blotting
Drosophila S2 cells were maintained at 25 °C in HyQ SFX-INSECT cell culture medium (Hyclone SH30278.01). Drosophila S2R+ cells were maintained at 25 °C in Schneider's medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco). HeLa cells were maintained in Dulbecco's Modified Eagle Medium (Gibco) supplemented with 10% FBS.
For co-immunoprecipitation experiments, S2 cells were transfected using Effectene transfection reagent (QIAGEN) in 100 mm dishes with 4 µg of total DNA, including pUAST-Dsnx3-GFP, pUAST-Dwls-V5 (or pUAST-Myc-Dvps35) and pArmadillo-Gal4. For HeLa cells' transfection, we used Polyfect transfection www.cell-research.com | Cell Research Peng Zhang et al. 1689 npg reagent (QIAGEN) in the same experimental conditions. Cells were harvested 60 h later and lysed in 900 ml of 150 mM NaCl, 20 mM Tris-HCl pH 7.5, 1.5 % Triton X-100, 1 mM EDTA plus proteinase inhibitors (Roche) on ice for 1 h. After pre-clearance with protein G Sepharose 4 Fast Flow (Amersham) beads, the lysates were incubated with guinea pig anti-GFP (made in our laboratory) for 4 h at 4 °C, and then incubated for additional 2 h in the presence of 20 µl of beads. Beads were washed four times with lysis buffer, and eluted in Laemmli sample buffer. Eluted samples were analyzed by western blotting. The primary antibodies used for western blot are rabbit anti-GFP (Abmart), mouse anti-V5 (Invitrogen) and mouse anti-Myc (Invitrogen).
RNAi and Wg secretion assays
To examine the effect of Dsnx3 RNAi on Wg secretion, 5 × 10 6 S2R+ cells were seeded in a 60 mm dish and transfected the next day with 2 µg of pMK33-Wg, using Effectene (QIAGEN). At 24 h post transfection, cells were sub-seeded into six-well plates at a concentration of 2 × 10 6 cells/well in 0.5 ml serum-free media with 45 µg of Dsnx3 dsRNA and incubated at 25 °C for 1 h, then 0.5 ml of serum-containing medium was added. The remaining procedure was as described [10, 12] .
